Observation of blue-shifted ultralong-range Cs 2 Rydberg molecules 
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We observe ultralong-range blue-shifted CS2 molecular states near nSi/2 Rydberg states in an 
optical dipole trap, where 31 < n < 34. The accidental near degeneracy of (n — 4)/ and ns Rydberg 
states for I > 2 in Cs, due to the small fractional ns quantum defect, leads to non-adiabatic coupling 
among these states, producing potential wells above the ns thresholds. Two important consequences 
of admixing high angular momentum states with ns states are the formation of large permanent 
dipole moments, ~ 15 — 100 Debye, and accessibility of these states via two-photon association. 
The observed states are in excellent agreement with theory. Both projections of the total angular 
momentum on the internuclear axis are visible in the experiment. 



The observation of ultralong-range Rydberg molecules 
has piqued interest in few-body Rydberg interactions 
that occur in ultracold atomic gases [TH3]. The in- 
teraction for an exotic class of these systems, trilo- 
bite molecules, arises to first order from the zero-range 
pseudopotential scattering of a Rydberg electron from 
a ground state perturber. Generally, bound molecular 
states form when the electron-atom scattering length is 
negative. Part of the fascination with such molecules 
originates from the prediction that these molecules can 
possess massive permanent electric dipole moments, ~ 
1 kDebye, making them amenable to electric field manip- 
ulation [4 . Large dipole moments are expected when 
high electron angular momentum hydrogenic degenerate 
manifolds are involved in the electron-atom scattering. 
Ultracold Rydberg molecules formed by two-photon as- 
sociation into Rb(ns) states were expected only to have 
an induced dipole moment [1] . It was later demonstrated 
theoretically and experimentally [5] that due to the near 
integer quantum defect of Rb(ns), u s = 3.13, nearby and 
nearly degenerate (n — 3) manifolds mixed highly local- 
ized trilobite-like states into the zeroth order symmetric 
ns states, giving them an observable permanent dipole 
moment, ~ 1 Debye, in the body-fixed frame. 

Here, we report the spectroscopic observation of 
ultralong-range trilobite-like Rydberg molecules formed 
in an ultracold gas of Cs with large permanent electric 
dipole moments. The spectroscopic signature of these 
molecules is in excellent agreement with theoretical pre- 
dictions and serves as a milepost for creating trilobite 
molecules with giant dipole moments. The unique fea- 
tures of these ultralong-range Rydberg molecules are 
threefold. First, these states are unexpectedly blue- 
shifted with respect to the Cs(ns) thresholds. This fea- 
ture results from the fact that the fractional part of the 
Cs(ns) quantum defect is small, /i s = 4.05, and (n — 4)/, 
I > 2, "trilobite" manifolds become nearly degenerate, 
and mix strongly with the ns states [5], inducing non- 
adiabatic avoided crossings of the ns-dominated Born- 
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FIG. 1: (Color Online) (a) The n = 31 BO potential en- 
ergy curves for Mj = ±1 (solid curves) and Mj = (dashed 
curves) CS2 Rydberg molecules in the vicinity of the ns Ry- 
dberg threshold. Also shown are the low lying vibrational 
wave functions in the experimentally accessible region. The 
zero of energy is set to the appropriate 31s 1; /2 atomic Rydberg 
energy, (b) The experimentally observed spectra are shown 
in arbitrary units compared to the BO potentials. The line 
sticks give the positions of the predicted energies and relative 
transition strengths of the predissociating vibrational states. 
The two Mj = ±1 vibrational levels have permanent dipole 
moments of 33.5 and 37.4 D, respectively. 



Oppenheimer (BO) potential energy curves. Second, the 
energetic proximity to the degenerate high-angular mo- 
mentum hydrogenic states results in the molecular wave- 
function having hydrogenic character at the 1% level. 
Therefore, large permanent electric dipole moments (15— 
100 Debye) are predicted for these molecules. The rather 
large hydrogenic character of the wave function is promis- 
ing for generating trilobite molecules with kD dipole mo- 
ments. Third, the position of the Cs trilobite states de- 
pends sensitively on the location of the p-w&ve e~-Cs 
scattering resonance [5], and therefore the present spec- 
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tra also serve as an indirect probe of the accuracy of the 
3 Pi resonance position [7]. Unlike atoms in magnetic 
traps, both parallel and perpendicular projections of the 
magnetic quantum number (i. e. Mj = 0, ±1) are visible 
in this experiment because it is carried out in an optical 
dipole trap. These molecules dissociate to their parent 
atomic constituents. 

In Fig. [T] we present the main result of this work. 
The observed blue-shifted Cs Rydberg molecular spec- 
trum accurately correlates with the vibrational lines of 
the calculations for states near the Cs(31s) threshold. 
Both Mj = 0, ±1 molecular symmetries are present. The 
blue-shifted potential wells arise from the strong non- 
adiabatic BO coupling of the 31s state with the localized 
271, I > 2, states. The binding energies are most eas- 
ily defined with respect to the ns threshold as each BO 
potential is largely s-character in the region where the 
spectroscopic resonances are observed. The molecular 
features are broadened with increasing energy from the 
31s threshold. This can be understood to be the result 
of progressively larger permanent dipole moments, as the 
higher energy states have more high I character in their 
electronic wave functions. 

Relatively large densities and ultracold temperatures 
are required to efficiently create the ultralong-range Cs 
molecules. The Cs molecules arc photoassociated inside 
a crossed far off-resonance trap (FORT) which is loaded 
from a Cs vapor cell MOT. The experimental setup has 
been described elsewhere [5]. The crossed FORT is pre- 
pared from a 10 W 1064 nm Yb fiber laser. The first 
arm of the cross is formed by copropagating the FORT 
beam with one axis of the MOT trapping laser. The Yb 
laser beam is focused to a spot size (1/e 2 ) of 86 ^m ±1.1 
fim. The focal spot size was verified with a CCD camera 
and the results in Rcf. [8], The first Yb beam is recy- 
cled and focused back into the chamber with the same 
spot size. The Yb beam intersects the first beam of the 
FORT at 22.5° creating a crossed trapping region which 
is slightly cigar shaped with a 2:1 aspect ratio. At 17 
W of power, the FORT depth is ~ 1.5 mK. The highest 
trap frequency is 2ir ■ 2.23 kHz and the lowest trap fre- 
quency is 2tt ■ 445 Hz. The crossed FORT is loaded as 
in [8] to a peak density of ~ 2 x 10 13 cm~ 3 . The den- 
sity was verified with absorption imaging and Rydberg 
atom detection rates. To account for the combined ac 
Stark shifts of the ground and Rydberg states, the posi- 
tion of the Rydberg state was measured inside the MOT 
and compared to the position of the Rydberg state in the 
crossed FORT. The measured average ac Stark shift is 19 
MHz. 

The molecular states are excited using a two-photon 
process. The first step of the excitation is an infrared 
(IR) photon which is tuned 182 MHz red of the Cs 6^3/2 
hyperfine manifold. The second photon is generated by 
a ring dye laser tuned near 512 nm. The infrared beam 
is sent through an acousto-optic modulator (AOM) and 



single-mode polarization-preserving fiber. The output is 
collimated to a size of 1 mm 2 and intersects the crossed 
FORT at an angle of 79° with respect to the long axis 
of the cross. During excitation, this beam has 5mW of 
power. The green beam is also sent through an AOM and 
a single-mode polarization-preserving fiber. The output 
is copropagated with the second FORT beam and is fo- 
cused onto the crossed region with a spot size of 44 /im. 
The power used for excitation is 70 mW. The two-photon 
linewidth of the excitation pulses was measured inside of 
the MOT to be < 3 MHz. 

To locate the positions of the molecular states, the 
green laser is scanned on the blue side of the nsi/2 Ryd- 
berg states while the IR laser remains locked 182 MHz 
below the Cs 6si/ 2 (-F = 3) — > 6p 3 / 2 (i' 1 — 2) transi- 
tion. An absorption spectrum is acquired by monitor- 
ing the number of ions produced as a function of green 
laser frequency. The excitation pulses begin 20 ms after 
the crossed FORT has been loaded to let the uncaptured 
MOT atoms fall away. Each excitation pulse is 10 [is long 
and is immediately followed by an electric field pulse to 
project any positive ions onto a microchannel plate de- 
tector where they are counted. The excitation step re- 
peats at 1.0 kHz and lasts 500 ms, at which time the green 
laser frequency is incremented by 1 MHz and the crossed 
FORT is reloaded. The electric field used to extract the 
ions, 67 V cm -1 , is far below the ionization threshold of 
any Rydberg states in the experiment [S]. The FORT 
beam is used to photoionize any Rydberg atoms as well 
as the Rydberg atom constituents of the ultralong-range 
molecules. Ion signals corresponding to the CsJ molec- 
ular time-of-flight are simultaneously acquired with the 
Cs + signal. As many as six absorption spectra are aver- 
aged together with scaled frequencies to obtain a single 
experimental spectrum. Ions arriving at the molecular 
time-of-flight were not observed, suggesting a different 
decay mechanism than found in Ref. 1 . However, if the 
molecules gain > 1 GHz of energy, they will be lost from 
the ionization region. 

Precise knowledge of the absolute frequencies of both 
excitation lasers is required to correctly describe the en- 
ergies of observed molecular transitions. The absolute 
frequency of the IR beam is monitored with a saturated 
absorption setup. The light for the saturated absorp- 
tion is shifted with AOMs such that the Cs 6s 1 / 2 (-F 1 = 
3) — > 6p3/2(F = 3) transition is on resonance during the 
experiment. The saturated absorption spectrum deter- 
mines the IR frequency within ~ 3 MHz. To monitor the 
frequency of the green laser, a fraction of the laser out- 
put is combined with light from the IR laser to generate 
an electromagnetically induced transparency (EIT) sig- 
nal in a room-temperature Cs vapor cell. The EIT setup 
is arranged in both co- and counterpropagating configu- 
rations with respect to the IR beam. This arrangement 
produces up to six EIT resonances corresponding to dif- 
ferent hyperfine states and detunings whose absolute fre- 
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quency relations are known. The positions of the EIT 
resonances can be shifted to any desired location with 
AOMs to provide spectroscopic markers. 

The bonding of these types of Rydberg molecules de- 
rives from the frequent scattering of the highly excited 
Rydberg electron from the ground state atom perturber 
[H [TU] • The relevant electron-ground state atom interac- 
tion is described within the zero-range Fermi pseudopo- 
tential approximation [TTJ [T^] , given in atomic units by 



V e „ a (r) = 2nA s (fc) 5^ (r - R) + 
6nA 3 p (fc) 8( 3) (r - R) V • ^ 



(1) 



where A s and A p are the energy dependent s- and p- 
wave scattering length and r and R denote the positions 
of the electron and ground state atom relative to the 
Rydberg core, respectively. The BO potentials which 
support the molecular predissociating states are found 
by diagonalizing the interaction of Eq. Q in a basis 
of Rydberg electron nl orbitals [51 [B] . Within the semi- 
classical picture the electron wavenumber fc is related to 
the intermolecular distance R in atomic units by k — 
y/2(l/ R — E\,) where Ej, is the binding energy of the 
isolated Rydberg atom. The energy dependent scattering 
lengths are given by A s (k) = — tan5 s /fc and A 3 (fc) = 
— tan<5 p /fc 3 where Si is the scattering phase shift for l- 
wave electron Cs scattering. Cs has relatively large spin- 
orbit interaction resulting in different ( J = 0, 1 and 2) 
e~-Cs 3 Pj resonant scattering phase shifts. To account 
for this, we take the p-wave scattering to be, 
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where C 



JM., 



is a Clebsch-Gordan coefficient cou- 
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pling the bound e~ angular momenta (L\Mx) to the 
scattering e~ angular momenta (L2-M2) to form the total 
angular momenta (JM). The different Clebsch-Gordan 
coefficients create different potentials for the Mj = ±1 
and cases. The p-w&ve scattering lengths are found by 
setting the 3 Pi resonance position to 8 meV [7] and the 
splitting of the 3 Po and 3 P2 states to those of Ref. [13]. 

The resulting BO potentials near the ns Rydberg 
threshold are shown for n = 31 — 34 in Figs. [T] and 
[2jb-d) respectively for total angular momentum projec- 
tion Mj — ±1 (solid curves) and (dashed curves). 
Fig. [2](a) shows the n = 31 BO potentials over a larger 
energy range correlating to atomic Rydberg thresholds 
in the vicinity of Cs(31s) state. The near degeneracy 
of the (n — 4)1 > 2 manifolds with the ns series en- 
sures that there are non-adiabatic couplings between the 
molecular potential energy curves of the same symme- 
try. Two important consequences of this interaction are 
the formation of potential wells capable of supporting 
bound states, blue-shifted with respect to the ns Ry- 
dberg thresholds, and accessibility of these states via 



two-photon association. The latter is facilitated by the 
fact that the electronic wave functions for the molecular 
states contain large s-wave components. Figs.[2]jb-d) also 
show several of the low lying vibrational wavefunctions 
within the experimentally accessible region. The aver- 
aged experimental data near the ns^ji Rydberg states for 
n = 31 — 34 are compared with the theoretical predictions 
and show excellent agreement. All of the molecular states 
have spatial angular momentum projection M L = [HE], 
i.e. all of the states are 3 E molecules. While there ex- 
ist BO potential energy curves corresponding to the 3 FI 
symmetry, they do not couple to the molecular states 
considered here (jjj. Because the BO potentials near the 
ns thresholds are sensitive to the position of the 3 Pi res- 
onance, the agreement between theory and experiment 
can be used as an indirect probe of the accuracy of the 
resonance position [7J. Most of the observed states cor- 
respond to the Mj = ±1 projections of the electronic 
angular momentum, but because these states are pho- 
toassociated in a FORT, we are sensitive to the Mj = 
projection as well. In all the spectra, we observe features 
corresponding to Mj = states. 

The molecules also experience an ac Stark shift in the 
FORT. As the molecular states consist of single Rydberg 
excitations, and the ac Stark shift of a Rydberg atom 
is only weakly dependent on the Rydberg state [HI [H] , 
we then expect that the Rydberg molecular states have 
the same overall shift and inhomogeneous broadening 
seen in the bare atomic transition. This hypothesis is 
corroborated by the fact that the observed data shifted 
by the measured atomic ac Stark shift, 19 MHz, are in 
good agreement with theory. However, the experimental 
widths of the most prominent states seen in Figs. [2je- 
g) are ~ 20 MHz, far larger than that expected from 
the atomic Rydberg linewidth, ~ 100 kHz [15] and that 
observed for the Cs Rydberg atoms, ~ 11 MHz. The 
additional broadening is likely due to the existence of 
large dipole moments for the Rydberg molecules, ~ 30 
D. We expect small stray electric fields (on the order of 
lOOmVcm -1 ) coupled to the large molecular dipoles to 
produce broadening in the range of 4 — 10 MHz. The 
strength of the dipole moments increases with increas- 
ing energy above the Cs(ns) thresholds, as the molecular 
states progressively retain less and less s-wave character. 
The observed molecular spectra in Fig. [ljb) and [2je-g) 
become progressively broadened with energy, lending fur- 
ther support to our assertion. 

A molecule with a dipole moment of ~ 35 D should 
exhibit a dramatic linear Stark effect. A modest ap- 
plied field of 240 mV cm -1 can produce a measurable 
shift. To investigate this, small background electric fields 
were applied during excitation of the two Mj = ±1 
molecular states near n — 31. Surprisingly, even elec- 
tric fields below 100 mV cm' 1 cause changes in the ob- 
served spectrum. A linear Stark effect is not observed. 
Rather, the observed peaks broaden and slightly shift to 
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FIG. 2: (Color Online) (a) The BO potential energy curves for Mj = ±1 (solid curves) and Mj = (dashed curves) correlating 
to atomic Rydberg thresholds in the vicinity of Cs(31s) state. The n = 32 — 34 BO potential energy curves for Mj = ±1 
(solid curves) and Mj = (dashed curves) are displayed in (b-d) and the corresponding observed spectra are shown in (e- 
g), respectively. For detailed description of the features, see caption for Fig. [I] The zero on the energy axis refers to the 
corresponding Cs(ns) threshold. 



the blue (~ 10 MHz) before the bluest peak disappears 
completely. The additional broadening of the lines de- 
crease their amplitude and complicate the measurement. 
The effect is different for each of the observed molecular 
states, which is to be expected based on their different 
potential minima. Our observations cannot be simply de- 
scribed as a linear Stark shift because the potentials sup- 
porting the bound states are changing appreciably with 
the applied field. This is expected to be different than 
the Rb case [5] because the molecular states here have 
significant mixing with the degenerate hydrogenic man- 
ifold and are the result of avoided crossings, which are 
sensitive to the applied electric field. As a consequence, 
the electric field dependence of the Cs ultralong-range 
molecules studied is sufficiently complicated to prevent a 
full analysis in this paper. 

In summary, we have observed Cs Rydberg molecu- 
lar states in a crossed optical dipole trap and found the 
spectrum to be in excellent agreement with theory. The 
agreement with theory provides an experimental probe 



for the position of the p-wave resonance [7] . We observed 
both Mj = and Mj = ±1 states, not easily observed 
in a magnetic trap. The molecular states studied have 
different properties than those reported earlier for Rb. 
There is significantly large mixing of the highly localized 
"trilobite-like" electronic character in Cs. The additional 
line broadening observed is believed to arise from the in- 
teraction of the large permanent electric dipole moment. 
We measured large changes in the spectrum by apply- 
ing small electric fields, suggestive of both large perma- 
nent electric dipole moments and structural changes to 
the states, consistent with theory. In contrast with Rb, 
a large signal for the CsJ molecular ion is not observed, 
suggesting a different decay mechanism. We will attempt 
to address the behavior of the molecular states in electric 
fields and understand their decay mechanisms. The dis- 
covery of spectroscopically accessible Cs trilobite states 
opens another window into these exotic molecules. It 
may be possible to use these states to create ion pair 
states. Applications that exploit their large permanent 
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dipole moments are sure to follow. 
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